Enzyme-treated asparagus extract (ETAS) exerts a wide variety of beneficial biological actions including facilitating anti-cortisol stress and neurological antiaging responses. However, the anti-skin aging effects of ETAS remain to be elucidated. Reactive oxygen species (ROS) play pivotal roles in skin aging. Increased ROS levels in fibroblasts in response to ultraviolet irradiation activate c-Jun N-terminal kinase (JNK) and its downstream transcription factor activator protein-1 (AP-1), and the resultant gene expression of matrix metalloproteinase (MMP) isoforms accelerates collagen breakdown in the dermis. Therefore, we explored whether ETAS has anti-skin aging effects by attenuating the oxidative stress responses in fibroblasts. Simultaneous treatment of murine skin L929 fibroblasts with hydrogen peroxide (H 2 O 2 ) and either ETAS or dextrin showed that ETAS significantly suppressed H 2 O 2 -induced expression of MMP-9 mRNA as measured by real-time polymerase chain reaction. ETAS also clearly suppressed H 2 O 2 -stimulated phosphorylation of c-Jun (AP-1 subunit) and JNK as determined by Western blot. However, ETAS did not affect the increased amounts of carbonyl proteins in response to H 2 O 2 , also as determined by Western blotting. These results suggest that ETAS diminishes cellular responsiveness to ROS but does not scavenge ROS. Thus, ETAS has the potential to prevent skin aging through attenuating the oxidative stress responses in dermal fibroblasts.
Growing evidence indicates that enzyme-treated asparagus extract (ETAS) from the unused bottom parts of asparagus (Asparagus officinalis) exhibits a wide variety of beneficial biological actions. For example, intake of ETAS attenuates the elevation of plasma corticosterone levels in sleep-deprived mice [1] . A human study also demonstrated that serum and salivary cortisol levels in subjects receiving ETAS were lower than those in the placebo group [2] . These anti-stress effects of ETAS are associated with the induction of molecular chaperones such as heat shock protein 70 [1] [2] [3] .
Furthermore, our group previously reported that ETAS improves cognitive impairment in senescence-accelerated mice [4] . In addition to in vivo study, it was also demonstrated that ETAS attenuates amyloid β-induced cellular injury in rat neuronal PC-12 cells in vitro [5] . These findings suggest that ETAS has anti-aging effects on brain functions. However, the existence of anti-skin aging effects of ETAS remains to be elucidated.
Skin aging is largely classified into two types: intrinsic (chronological) and extrinsic aging (photoaging). Reactive oxygen species (ROS) play crucial roles in the progression of both types of skin aging [6, 7] . In photoaging, continuous exposure to UV light evokes oxidative stress responses in the dermis [6, 7] ; the cellular responses cause breakdown of the extracellular matrix components that comprise the dermis, such as collagen [6] , leading to formation of deep wrinkles on the skin that are a typical manifestation of photoaging [8] . Fibroblasts localized in the dermis represent a main contributor to the metabolic disruption of these extracellular matrixes.
ROS generated in fibroblasts activate mitogen-activated protein kinase pathways such as the c-Jun N-terminal kinase (JNK)activator protein-1 (AP-1) pathway, resulting in the expression of matrix metalloproteinase (MMP) family protein genes [9] . Among these MMPs, MMP-9 degrades type IV collagen, which comprises the basement membrane of the dermo-epidermal junction [10] . Therefore, to prevent skin aging, it is important to inhibit the excess production of MMP-9 in response to ROS.
In this study, we evaluated the effects of ETAS on the expression of MMP-9 mRNA, phosphorylation of the AP-1 subunit c-Jun and of JNK, and on oxidation of proteins in murine skin L929 fibroblasts stimulated with hydrogen peroxide (H 2 O 2 ). MMP-9 mRNA expression in cells treated with 1 mM H 2 O 2 was dramatically elevated over that in cells untreated at 3 h of culture; subsequently, the difference gradually diminished and largely disappeared at 12 h of culture ( Figure 1A ). When the cells were simultaneously treated with 1 mM H 2 O 2 and either 1 mg/mL ETAS or dextrin for 6 h, the H 2 O 2 -stimulated expression of MMP-9 mRNA was significantly suppressed by ETAS, but not by dextrin ( Figure 1B ).
To clarify whether ETAS suppresses the intracellular signaling that regulates MMP-9 transcription, we examined the effect of ETAS on H 2 O 2 -stimulated phosphorylation of c-Jun and JNK. Phosphorylation levels of c-Jun in L929 cells were clearly increased after 3 h H 2 O 2 treatment ( Fig. 2A ). This increased phosphorylation was significantly suppressed by simultaneous treatment with ETAS ( Figure 2B ). Phosphorylation levels of the JNK subunits p54 and p46 were clearly increased after 0.5 h H 2 O 2 treatment, and the increase reached a peak between 1 to 3 h of culture ( Figure 3A ). The H 2 O 2 -stimulated phosphorylation of p54 and p46 after 1 h of culture was also significantly suppressed by simultaneous treatment with ETAS ( Figure 3B ). To verify whether JNK activation mediates c-Jun phosphorylation and MMP-9 trans-cription in L929 cells, we examined the effect of SP600125, a JNK inhibitor, on the H 2 O 2stimulated phosphorylation of c-Jun and the expression of MMP-9 mRNA. The H 2 O 2 -stimulated phosphor-rylation of c-Jun at 3 h of culture was significantly suppressed by treatment with 10 μM SP600125 ( Figure 4A ). In addition, the H 2 O 2 -stimulated expression of MMP-9 mRNA at 3 h of culture was also significantly suppressed by SP600125 treatment ( Figure 4B ).
It is well established that oxidative stress activates JNK as well as downstream transcription factors, including AP-1. Therefore, we assessed whether ETAS attenuates H 2 O 2 -induced carbonylation of protein, an indicator of protein oxidation. L929 cells treated with 1 mM H 2 O 2 exhibited significantly higher levels of global protein carbonylation than did the untreated cells at 1 h of culture ( Figure 5 ). However, the increased protein carbonylation after H 2 O 2 treatment in the cells was not influenced by the presence of ETAS ( Figure 5 ).
ROS such as singlet oxygen molecules, superoxide anion radicals, H 2 O 2 , and hydroxyls radical are generated by ultraviolet irradiation in skin tissues, resulting in the induction of cellular responses to oxidative stress [11] . Among these ROS, H 2 O 2 is highly cellpermeable owing to its stable, soluble, and uncharged nature [12] , and it interacts with intracellular ions such as Fe 2+ and Cu + to generate highly reactive hydroxyl radicals via the Fenton reactions [13] . These radicals react with and oxidize a wide variety of biological molecules including lipids, proteins, nucleic acids, and carbohydrates [14] . Hence, cell culture with H 2 O 2 is a wellestablished experimental model to assess oxidative stress responses.
Accordingly, murine skin L929 fibroblasts treated with H 2 O 2 rapidly exhibited increased carbonylation of proteins and phosphorylation of JNK, which is an oxidative stress-responsive mitogen-activated protein kinase. A previous study has demonstrated that extracts from the young shoots and leaves of asparagus attenuate H 2 O 2 -induced ROS generation and cytotoxicity in human hepatic HepG2 cells [15] . However, in this study, ETAS did not suppress the increased carbonylation of proteins that occurred in L929 cells treated with H 2 O 2 , indicating that constituents in the ETAS powder do not have the capacity to scavenge ROS and/or to activate cellular anti-oxidative responses, at least during its early phase of action. On the other hand, ETAS strongly suppressed H 2 O 2 -stimulated phosphorylation of JNK and the subsequent phosphorylation of c-Jun, as well as MMP-9 transcription. These results suggest that ETAS modulates the JNK-AP-1 signaling pathway without affecting redox reactions in L929 cells. ETAS contains a unique 5-hydroxymethyl-2-furfural and its derivative asfural [16] , which are not contained in raw asparagus [3] . Therefore, it is conceivable that such unique products derived from the enzymatic reactions utilized in ETAS production mediate its suppressive effects on intracellular signaling.
MMPs are a family of zinc-containing endopeptidases that are classified into several subgroups according to their structures and substrate specificities: e.g., collagenases (MMP-1, MMP-8, and MMP-13), gelatinases (MMP-2 and MMP-9), stromelysins (MMP-3, MMP-10, and MMP-11), and membrane-type MMPs [17] . Among them, the expression and activities of MMP-1 (collagenase-1), MMP-3 (stromelysin-1), and MMP-9 (gelatinase B) are upregulated in response to ultraviolet irradiation and/or oxidative stress in the dermal fibroblasts that are associated with the breakdown of extracellular matrixes by photoaging [18] [19] [20] . Therefore, the suppression of MMP induction is an important target for anti-skin aging strategies.
Several in vitro and in vivo studies have recently demonstrated that extracts or certain compounds derived from a wide variety of plants exert anti-photoaging effects through attenuating the generation of ROS and induction of MMPs [21, 22] . Furthermore, Michelia alba extract attenuates ultraviolet B-induced expression of MMP-9 through suppressing the phosphorylation of extracellular signalregulated kinases in addition to JNK in human dermal fibroblasts [19] . In this study, ETAS also clearly suppressed the induction of MMP-9 mRNA in murine skin L929 fibroblasts stimulated with H 2 O 2 through suppressing JNK phosphorylation.
Inflammation is also involved in skin-aging. The most recent study by Nishizawa et al. [16] revealed that ETAS exerts antiinflammatory actions against hepatocytes stimulated with interleukin-1β.
In conclusion, ETAS has the potential to prevent skin aging through attenuating the oxidative stress responses in dermal fibroblasts. This readily produced and inexpensive substance could therefore become a useful component of dermatologic prophylactic strategies to maintain skin health and function.
Experimental
Preparation of ETAS: ETAS was prepared according to the method established previously [1] [2] [3] . Fresh bottom parts (90 kg: fresh weight) of asparagus were boiled in water (180 L) at 121°C for 45 min. The boiled bottom parts of asparagus and resultant extract were treated with 0.9 kg sucrase C (Mitsubishi-Kagaku Foods, Tokyo, Japan) for 1.5 h, followed by 0.9 kg macerozyme A (Yakult Pharmaceutical Industry, Tokyo, Japan) for 24 h. After these enzymes were inactivated by incubating at 121°C for 20 min, the extract was centrifuged and the resultant supernatant was mixed with 9.0 kg of dextrin (Pinedex; Matsutani Chemical Industry, Hyogo, Japan) as a filler. The mixture was then concentrated in vacuo at 105°C, sterilized at 121°C for 45 min, and then spray-dried to produce an ETAS powder (14.5 
Reverse transcription and real-time polymerase chain reaction (PCR):
Total cellular RNA was extracted from the cells using the RNAiso Plus reagent (TaKaRa Bio, Shiga, Japan). One µg of the total cellular RNA was converted to single-stranded cDNA using the PrimeScript 1st Strand cDNA Synthesis Kit (Takara Bio). The cDNA (1 μL) was amplified in FastStart Universal Probe Master (Roche Life Science, Indianapolis, IN, USA) using the 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA). The PCR conditions were 50°C for 2 min and 95°C for 15 s, followed by 45 cycles of 95°C for 15 s and 60°C for 1 min. The primers and fluorescent probes were as follows: MMP-9, forward 5-GGA TGG TTA CCG CTG GTG-3, reverse 5-CTA CGG TCG CGT CCA CTC-3 (Universal Probe #76, Roche Life Science); and 18S, forward 5-AAA TCA GTT ATG GTT CCT TTG GTC-3, reverse 5-GCT CTA GAA TTA CCA CAG TTA TCC AA-3 (Universal Probe #55, Roche Life Science). The expression level of MMP-9 mRNA was calculated as the ratio to that of 18S rRNA.
Preparation of whole cellular extract:
The cells were washed twice with Dulbecco's phosphate-buffered saline (Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) and resuspended in ice-cold lysis buffer that contained 10 mM Tris-HCl (pH 7.8), 1% Nonidet P-40, 150 mM NaCl, and 1 mM ethylenediaminetetraacetic acid (EDTA) supplemented with an EDTA-free Complete Protease Inhibitor Cocktail Tablet (Roche Life Science) and EDTA-free Phosphatase Inhibitor Cocktail (Nacalai Tesque). Centrifugation was performed
